The interaction of water molecules with metal surfaces is typically weak and as a result van der Waals (vdW) forces can be expected to be of importance. Here we account for the systematic poor treatment of vdW forces in most popular density functional theory (DFT) exchange-correlation functionals by applying accurate non-local vdW density functionals. We have computed the adsorption of a variety of exemplar systems including water monomer adsorption on Al(111), Cu(111), Cu(110), Ru(0001), Rh(111), Pd(111), Ag(111), Pt(111), and unreconstructed Au(111), and small clusters (up to 6 waters) on Cu(110). We show that non-local correlations contribute substantially to the water-metal bond in all systems, whilst water-water bonding is much less affected by non-local correlations. Interestingly non-local correlations contribute more to the adsorption of water on the reactive transition metal substrates than they do on the noble metals. The relative stability, adsorption sites, and adsorption geometries of competing water adstructures rarely differ when comparing results obtained with semi-local functionals and the non-local vdW density functionals, which explains the previous success of semi-local functionals in characterizing adsorbed water structures on a number of metal surfaces.
I. INTRODUCTION
An accurate atomistic description of the water-solid interface is crucial for understanding many natural and technological processes such as atmospheric ice formation or fuel cell reactions. It is not surprising, therefore, that there has been an enormous amount of research devoted to this task in the past few decades [1] [2] [3] . In recent years, scanning probe techniques, in particular scanning tunneling microscopy (STM), have contributed significantly to the field by providing detailed insight into the structure and dynamics of water adstructures on the nanoscale. Generally such studies are, however, limited to well-defined, single crystal metal surfaces at low temperature and under ultra high vacuum (UHV) conditions 3, 4 . As a result the water-metal interface has become the workhorse system for understanding the basic chemistry and physics of how water interacts with solid substrates in general.
Computer simulation techniques, in particular density functional theory (DFT), have also played a central role in understanding the structure of water on metal surfaces 3, 4 . DFT has, for example, been essential in unravelling the structure of water overlayers on Pd(111) 5 , bulk ice and wetting layers on Cu and Ru surfaces 34 . However, despite this work, important issues remain poorly understood, such as the relative importance of vdW forces on different metal surfaces. Another open question is the role of vdW in determining the most stable adsorption site and adsorption structures for hydrogen bonded water clusters on metals.
Here we tackle these and related questions by exploring in detail the role of vdW dispersion forces in the adsorption of water monomers and clusters on a number of metal surfaces.
The particular approach we use to treat vdW is the non-local van der Waals density functional (vdW-DF) of Langreth and Lundqvist and co-workers 14 and some of its offspring 19 .
These functionals from the vdW-DF family have shown great potential when applied to a number of systems where dispersion forces are important 19, 22, 24, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . From the current study we find that non-local correlations contribute substantially to the adsorption of water monomers and clusters on metal surfaces in general. The contribution to the binding from non-local correlations varies from substrate to substrate and is actually greater on the more reactive transition metal surfaces than on the noble metals. Although vdW enhances the bonding with the substrate, the water-water interaction energies within the clusters remains largely unaffected by the inclusion of vdW dispersion forces. In addition the geometries of the water monomers and clusters on the various surfaces are not affected to any great extent by the inclusion of vdW dispersion forces, which explains the previous success 3,4 of GGA functionals in predicting adsorption structures of water on metals.
II. METHODOLOGY AND COMPUTATIONAL DETAILS
Density functional theory and supercell periodic models were used within the VASP grid with 12×12×1 k-point sampling per (1×1) unit cell was used.
In the case of water monomer adsorption, the close-packed (111) and (0001) surfaces were modeled by p(2×2) unit cells, containing 6 atomic layers separated by at least 14Å of vacuum (23Å when computing binding curves). In the case of adsorbed water dimers on Cu(110) we considered a p(3×5) unit cell containing 4 atomic layers, whilst in the cases of adsorbed trimers, tetramers, pentamers, and hexamers a p(4×6) unit cell was employed.
The metal atoms in the 3 (2 in the case of adsorbed water cluster models) bottom layers were fixed at their bulk-truncated positions during structure optimization procedures. We note that PBE lattice constants were used for all functionals. This is likely to influence very little the adsorption energies obtained with vdW functionals, since, for example, lattice constants are typically within 0.010 of PBE for optB88-vdW 22 . In all cases a dipole correction along the direction perpendicular to the metal surface was applied 51, 52 and geometry optimizations were performed with a residual force threshold of 0.015 eV/Å.
Adsorption energies per water molecule were computed as follows:
where In order to analyze the role of van der Waals dispersion forces on adsorption, we have decomposed E ads in to different energy contributions 53 . We define the water-water contribution, E ww gas , to E ads as:
where E tot [nH 2 O] is the total energy of the water structure in the absence of the substrate, but with all atoms fixed in the precise geometries they adopt in the adsorption structure. Notwithstanding the fact that any energy decomposition scheme is to some extent arbitrary 53 , the estimate of the water-metal bonding, E wm ads , is simply taken as the difference between E ads and E ww gas . We have also examined the non-local correlation part, E nlc , of the exchange-correlation energy which is obtained directly from the calculation. We note that E nlc includes a part which acts as a semi-local correction to LDA correlation, i.e. in a similar spirit as PBE correlation works. Thus the "non-local" interaction means interaction beyond LDA correlation. The corresponding attraction due to the non-local correlation in the adsorption energy per water molecule can be calculated as:
an analogous expression to Eq. 1, but where total energies are substituted by their non-local correlation part.
III. RESULTS AND DISCUSSION

A. Adsorbed water monomers
First we consider the adsorption of an isolated water monomer on a series of metal surfaces. This is the simplest water adsorption system possible to investigate the role of vdW interactions with the metal, since no H-bonds between water molecules are present.
In the first place we explored the effect of vdW interactions in determining the most stable adsorption site on a selection of close-packed metal surfaces. Considering the most stable adsorption site, we then extended the study to a larger number of substrates to investigate in a systematic manner the dependence of vdW interactions with the nature of the metal.
Previous DFT studies with semi-local functionals have predicted that water adsorbs on atop sites on close-packed surfaces [54] [55] [56] [57] . Since recent studies have shown that vdW forces can alter adsorption structures 39, [58] [59] [60] , it is important to establish if vdW changes the preferred site for water adsorption on metals. To this end we computed the optB88-vdW (and for reference PBE) adsorption energies of a water monomer on Ag(111), Au(111), and Ru(0001).
More than 30 different adsorption sites and molecule orientations were explored, from which 6 stable and representative structures are shown in Fig. 1 . We found that the most stable adsorption site with the optB88-vdW functional is the atop site, consistent with previous work and our own new PBE calculations reported in Table I . These results indicate that accounting for vdW interactions does not lead to a qualitative change in the mechanism governing the water-metal adsorption geometry of adsorbed monomers 57 . Nevertheless, vdW interactions increase the strength of the bond with the substrate. In particular, on the noble metals, orientations of the water molecule with the oxygen atom away from the surface (S5 and S6) have almost no binding to the surface at the PBE level, whereas optB88-vdW adsorption energies are relatively large (Table I ). This will very likely be of relevance to water monomer diffusion, with the diffusing water molecule able to access many more stable configurations when dispersion forces are accounted for.
In order to gain more insight into the role of vdW forces on the adsorption energy and their dependence on the specific functional chosen, we calculated the PBE, revPBEvdW, optPBE-vdW, and optB88-vdW binding curves of a water monomer on Ag(111) and Ru(0001) as a function of the distance between oxygen and the metal atom underneath ( Fig.   2 ). Each point in the graph is obtained by keeping the z coordinate of the water oxygen atom fixed while relaxing the rest of the atoms in the system except the 3 bottom layers of the metal slab. Of the functionals considered, PBE predicts the weakest interaction at longrange. Although revPBE-vdW recovers the long-range attraction, the interaction strength around the equilibrium distance is only slightly larger than that obtained from PBE on
Ag and on Ru the revPBE-vdW binding minimum is actually shallower than that obtained with PBE. At long-range, the energies of the optPBE-vdW and optB88-vdW functionals are similar to revPBE-vdW, but on approaching the surface become significantly more attractive. Computing the non-local correlation contribution to the total adsorption energy reveals that this is indeed the leading attractive term between the water molecule and the surface as observed previously by Hamada and co-workers 25 .
Considering the most stable adsorption site and adsorbed water orientation identified previously (S1), we examine now the adsorption energy of water monomers on a large range of metal substrates: Al(111), Cu(111), Cu(110), Ru(0001), Rh(111), Pd(111), Ag(111), Pt(111), and unreconstructed Au(111). Also included in this systematic study are results from the original revPBE-vdW functional for comparative purposes with respect to optB88-vdW. The computed adsorption energies and optimized distances are summarized in Table   II . A key observation is that revPBE-vdW does not always enhance adsorption energies with respect to PBE. Indeed the revPBE-vdW adsorption energies can either be larger or smaller than PBE. This is consistent with previous studies for various adsorption systems where the revPBE-vdW adsorption energies can either be similar to or slightly smaller than PBE 14, 19, 59, [61] [62] [63] [64] [65] . This behaviour is a direct consequence of the underlying overly repulsive revPBE exchange in the revPBE-vdW kernel, which also causes pure revPBE adsorption energies to be underestimated compared to PBE. Indeed water-metal distances (d w−m )-defined here as the distance between the O atom of a water molecule and the nearest metal atom on the surface-optimized with revPBE-vdW are substantially larger (up to 0.32Å) than those obtained from PBE. Another key observation is that optB88-vdW consistently provides larger adsorption energies than PBE and similar water-metal distances (within 0.1Å) for all investigated systems. As observed before in the binding curves of Ag (111) and Ru(0001), we see that non-local correlation (E nlc ads ) is again the principal attractive contribution to the total adsorption energy (E ads ) as shown in Table II . Specifically, E nlc ads is in most cases considerably larger than E ads at the equilibrium geometry independent of the metal and functionals considered. Although the contribution of vdW dispersion forces to the non-local correlation at equilibrium distances is probably not dominant, it clearly enhances the total adsorption energy as indicated by the fact that typical optB88-vdW adsorption energies are in general 110-190 meV/H 2 O larger than PBE values (Table II) It turns out that this result can explain the absence of corrugation in the STM images of Kumagai et al. 26 . The lack of buckling was attributed to tip-induced reorientation or fast dynamical fluctuations between the two isomers 26 . However, here we see that there is no need to invoke such arguments as the most stable structure when vdW is accounted for is planar. Similarly, the preference for planar adstructures when switching on vdW dispersion through optB88-vdW is again observed in the case of the P-II and P-III pentamers, and the H-II and H-III hexamers (Table III) .
Another important observation is that the clusters become more stable as the clusters increase in size (Fig. 4) . This is consistent with what has been observed on other surfaces 55, 70 and gas phase clusters 71, 72 and is due to the formation of H-bonds between water molecules and to a well-known cooperative effect, i.e., the increase of the number of H-bonds within the clusters results in stronger H-bonds. Interestingly, the nature of this cooperative effect shows a very small dependence with respect to the particular functional considered: both PBE and the vdW-DFs present similar trends, only the magnitude of the total adsorption energy is shifted (Fig. 4) . We see, therefore, that vdW forces seem to play a minor role in describing cooperative water-water effects in these systems.
In order to gain deeper insight into these adsorption systems, we decomposed the total adsorption energy into water-water and water-metal bonding contributions as given by Eq. Table III , the water-water bonding contribution to the adsorption energy obtained from the various functionals is very similar: the PBE, optPBE-vdW, and optB88-vdW results are all within 13 meV/H 2 O for all adsorption systems (the revPBE-vdW waterwater interactions are systematically smaller in all cases). It is clear, therefore, that the main effect of vdW forces on the total interaction comes from the water-metal bonding.
As shown in
Indeed the approximately 120 meV/H 2 O increase in the adsorption energy comes almost exclusively from the water-metal bonding. This is consistent with our earlier work on icelike films on Ru and Cu 34 . Unlike the GGA functionals where the contribution to the binding comes from density overlap, the non-local functionals give binding even between non-overlapping electron densities 73 . Therefore, when considering non-local functionals not only a small overlap region gives contribution to the adsorption energy, but a larger part of the surface too. This leads to a stronger water-metal interaction for non-local functionals than GGA functionals. Moreover, this also explains that the shift in the adsorption energy caused by the vdW density functional with respect to PBE is almost constant between different clusters. In general, water-metal bonding is greater than water-water bonding and is responsible for the relative stability of the isomers and preference for more planar rather than buckled isomers, independent of the considered functional. Upon comparing the strength of the water-water interaction for the various clusters considered, we find that the water-water bonding is strongest in the water tetramers (Te-I and Te-II). Larger clusters have larger total adsorption energies, but their water-water bonding is substantially reduced with respect to the optimal H-bond configuration offered by a tetragonal arrangement on the Cu(110) surface. This becomes especially evident in the case of pentamers, where the most stable isomer, P-I, shows actually a relatively small optB88-vdW water-water bonding (-169 meV/H 2 O) when compared for example to isomer P-V (-260 meV/H 2 O).
Regarding the effect of vdW forces on the adsorption geometry of the clusters, we summarize in Table IV and Fig. 5 the averaged water-metal and water-water distances computed with different functionals. Essentially PBE geometries do not differ significantly with respect to the optB88-vdW or optPBE-vdW functionals for both water-metal and water-water distances. All distances are within 0.05Å of PBE for optB88-vdW and within 0.09Å of PBE for optPBE-vdW. On the contrary, revPBE-vdW predicts larger water-metal (<0.15 Å ) and water-water (<0.14Å) distances. It is interesting, therefore, that despite a noticeable enhancement in water-metal bonding when vdW is accounted for, the water-metal distances remain rather similar.
IV. CONCLUSION
We have investigated the role of vdW dispersion forces in water-metal bonding by considering different non-local vdW-DFs and a range of water monomers and small water clusters on a series of metal surfaces. Analysis of our results reveals an enhancement of adsorption energies (typically >110 meV/H 2 O) due to vdW interactions with respect to the widely used PBE functional. The increase in the adsorption energy comes almost exclusively from an increased water-metal interaction, with the water-water interaction within the adsorbed clusters being essentially unaffected by the inclusion of vdW dispersion forces. As a consequence, we observe that in general the explicit consideration of vdW dispersion forces does not alter the relative stabilities of structures predicted by PBE. In addition, despite increases in the total adsorption energies, the adsorption sites remain unchanged and adsorption geometries (water-metal bond and water H-bond lengths) are very similar when comparing PBE and optB88-vdW in general. On the few occasions when the PBE and optB88-vdW structures differ, the optB88-vdW structures are flatter with any high-lying water molecules brought closer to the surface, which for the particular case of the water tetramer on Cu (110) produces an adsorption structure in better agreement with experiment. This is a direct consequence of the fact that non-local correlation is enhanced by shorter water-metal distances. It is interesting to note that the general similarity between the structures obtained with and without vdW dispersion forces is in contrast to what has been found for gas phase water clusters. In particular for the water hexamers-where this issue has been considered in greatest detail-the relative energies of the relevant low energy isomer structures differ completely depending on whether vdW is accounted for or not 72 . at the equilibrium adsorption site (S1 in Fig. 1 Tr 
